Mg 10 Ir 19 B 16 , a previously unreported compound in the Mg-Ir-B chemical system, is found to be superconducting at temperatures near 5 K. The fact that the compound exhibits a range of superconducting temperatures between 4 and 5 K suggests that a range of stoichiometries is allowed, though no structural evidence for this is observed. The compound has a large, noncentrosymmetric, body centered cubic unit cell with a = 10.568 Å, displaying a structure type for which no previous superconductors have been reported.
INTRODUCTION
In the past five years, a variety of new superconducting materials have been discovered. Some of these materials are under continuing study because they exhibit unusual properties or structures, e.g., Na 0.3 CoO 2 · 1.3H 2 O, which displays superconductivity in a two-dimensional CoO 2 lattice, 1 PuMGa 5 ͑M =Co,Rh͒, the first Pu-based superconductors, 2, 3 and the pyrochlore superconductors Cd 2 Re 2 O 7 , 4 MOs 2 O 6 ͑M =K,Rb͒. 5, 6 Also of interest have been superconducting materials based on light elements such as MgB 2 , 7 MgCNi 3 , 8 C 6 Yb, and C 6 Ca, 9 and the quaternary intermetallics LnNi 2 B 2 C. 10 In conventional electron-phonon coupled superconductivity, compounds based on light elements are expected to be favorable due to the correspondingly high phonon frequencies they display, suggesting a viable avenue in the search for new superconducting materials.
An important feature of almost every known superconductor is the existence of inversion symmetry in the crystal structure-a key concept for the formation of conventional Cooper pairs. The lack of superconductivity in MnSi, for example, has been attributed to its lack of inversion symmetry. 11 For this reason, the recent reports of superconductivity in noncentrosymmetric CePt 3 Si, 12 Li 2 Pd 3 B, 13 and Li 2 Pt 3 B ͑Ref. 14͒ have stimulated significant efforts to understand and predict unconventional behavior in these compounds. [15] [16] [17] [18] Here we report the discovery of a light element based ternary intermetallic superconductor Mg 10 Ir 19 B 16 . The compound, synthesized by conventional methods, is superconducting at a critical temperature of about 5 K. A small range of superconducting transition temperatures is observed, indicating that the compound occurs over a range of compositions. This material has a body centered cubic crystal structure with a large unit cell, a = 10.568 Å, and, consequently, a complex formula. The space group of the compound, I-43m, indicates that Mg 10 Ir 19 B 16 is one of the rare examples of a noncentrosymmetric superconducting material. There are no previously known superconductors, or intermetallic compounds, with an analogous crystal structure. This paper reports the synthesis and basic superconducting properties of the phase. The details of the crystal structure determination, which has been performed by quantitative electron diffraction and imaging methods, will be described elsewhere. 19 
EXPERIMENTAL
During an investigation of the Mg-Ir-B chemical system, superconductivity was observed to occur in a region of the phase diagram near the molar ratio 1:2:2. An extensive series of 0.2 g polycrystalline samples was made to determine the composition of the superconducting phase. Materials were synthesized by standard solid state reaction of pure elements: bright Mg flakes ͑99% Aldrich Chemical͒, fine Ir powder ͑99.9% Alfa Aesar͒, and amorphous B powder ͑99.5%, Cerac͒. After initial mixing, the starting materials were pressed into pellets, wrapped in Ta foil, placed in an Al 2 O 3 boat, and fired in a quartz-tube furnace under a 95% Ar/5% H 2 atmosphere. The first furnace treatment was for 30 min at 600°C, followed by 1 h at 900°C. After cooling, the samples were reground with an additional 20% of Mg, pressed into pellets, and placed back in the furnace for 1 h at 900°C. The sample purity was checked by powder x-ray diffraction using Cu K␣ radiation on a diffractometer equipped with a diffracted beam monochrometer. The unit cell parameter was refined from the x-ray data using the profile refinement program TOPAS version 2.1 ͑Bruker AXS͒. Zero field cooling dc ͑H dc =20 Oe͒ and ac ͑H dc = 5 Oe, H ac = 3 Oe, f = 10 kHz͒ magnetizations were measured in the range of 2 -6 K ͑PPMS-Quantum Design͒. The field dependence of the magnetization was measured at 2 K. Resistivity measurements were made using a standard ac four-probe technique on polycrystalline pellets cut into dimensions of approximately 2.2ϫ 0.9ϫ 0.9 mm.
RESULTS
The isolation of the superconducting phase was accomplished by the standard method of comparing the strength of the observed superconducting diamagnetic signal with characteristic features of the powder diffraction patterns from the samples. This process was substantially simplified by the fact that there are no superconducting compounds in the binary Mg, Ir, B systems with transition temperatures near the 5 K observed for the new superconducting material, and the fact that the new superconducting compound gives an excellent, characteristic powder diffraction pattern. The initial round of syntheses showed that the largest superconducting signals were seen for nominal Mg:Ir:B compositions near 1:2:2 that showed a powder diffraction pattern straightforwardly indexed on a body centered cubic unit cell of dimension approximately 10.57 Å. Samples in finer composition intervals were then synthesized in order to refine the composition of the superconductor. The x-ray diffraction patterns of four Mg-Ir-B samples in the vicinity of the optimal composition are presented in Fig. 1 . The patterns are dominated by a very well crystallized, high symmetry compound, and are all very nearly single phase. The vertical bars at the bottom of Fig. 1 show the Bragg peak positions for a body centered cubic structure. The refined crystallographic cell parameter from 22 reflections is a = 10.56782͑4͒ Å. No compound with this lattice type and unit cell dimension has been previously reported in the Mg-Ir-B chemical system, or any related chemical systems.
20 By using the I-43m space group and the unit cell a = 10.56782͑4͒ Å, virtually all the peaks in the XRD patterns near the optimal superconducting composition can be indexed. Figure 1 shows that the sample with the nominal composition Mg 12 Ir 19 B 19 is very nearly single phase, with less than 5% detectable impurity phase by XRD. The large superconducting signal seen for this sample along with its near phase purity indicates that this is the new superconducting compound.
Due to the very large crystallographic unit cell, complex formulas are possible for this compound, and the exact composition of the phase can only be determined by detailed structural analysis. To determine the space group we employed convergent beam electron diffraction ͑CBED͒ methods ͑Fig. 2͒. The symmetries along the ͓100͔ and ͓111͔ directions are 4 mm and 3 m, respectively. The CBED pattern along ͓110͔ ͓Fig. 2͑c͔͒ unambiguously shows that the symmetry along this direction is m, not 2 mm, requiring that the body centered space group of the new phase is noncentrosymmetric I-43m ͑No. 217͒ rather than centrosymmetric Im-3m. 21 Next, using quantitative analysis of electron diffraction, the composition ͑Mg 10 Ir 19 B 16 ͒ and atom positions were determined. These are presented in Table I . The details of the structure refinement are reported elsewhere. 19 This formula is very close to the optimal nominal composition of Mg 12 Ir 19 B 19 . The higher amount of Mg required to make the highest purity sample is a result of volatilization of Mg during the synthesis, and is analogous to what was observed in the synthesis of MgCNi 3 . 8 Similarly, between 15 and 20 % excess B is needed to make the purest phase, significantly less than the amount of excess C needed to make optimal MgCNi 3 by the same synthetic method. The excess B occurs in elemental form in the sample, and was observed in the HREM investigation. Figure 3 presents the temperature and magnetic-field dependence of the electrical resistivity of Mg 10 Ir 19 B 16 . The main panel shows the temperature range near the superconducting transition. Under zero applied magnetic field, the midpoint of the resistive transition is at 4.4 K, and the 10-90 % transition width is 0.4 K. When an external magnetic field is applied, the critical temperature decreases to 3.35 K and 2.4 K at 1 T and 2 T, respectively. More measurements under higher magnetic field and at lower temperature would be necessary to make a good estimate of H C2 ͑0͒, but our results suggest, using the Werthamer-Helfand-Hohenberg ͑WHH͒ formula H C2 ͑0͒Х͉ − 0.7T C ͑dH C2 / dT͉͒ T C , 22 that H C2 ͑0͒ is low, not exceeding 3 T. The inset of Fig. 3 presents the temperature dependent resistivity between 2 K and 300 K. The normal-state resistivity is rather high, about 3 m⍀ cm at T = 300 K, about 35 times higher than what is observed for polycrystalline MgCNi 3 . 8 This suggests that the excess boron present is located at the grain boundaries of the polycrystalline sample, and that the measured value of the resistivity is not intrinsic. Measurements on single crystals are needed to determine detailed information about the transport properties of the new superconductor.
To characterize the superconducting transition of Mg 10 Ir 19 B 16 , zero-field cooling dc magnetization was measured between the temperatures 2 K -6 K ͑Fig. 4͒, in an applied field of 20 Oe. The shielding volume fraction from this measurement is estimated to be near 100%. The field dependent magnetization curve, M͑H͒, at 2 K is shown in the inset of Fig. 4 . Magnetization loops ͑not shown here͒ were made at the same temperature, indicating a substantial critical current density, a strong indication for bulk superconductivity. In order to measure the transition temperature more precisely, and its variation with composition, zero field ac susceptibility measurements were performed ͑H dc = 5 Oe, H ac = 3 Oe, f = 10 kHz͒. Figure 5 shows the real part of the magnetization, M ac Ј , for the four samples, with nominal com- 18 , respectively. The nature of the chemical variability of the superconducting phase is not currently understood; however, the fact that very little variation in lattice parameter ͑less than 0.05%͒ is observed suggests both that the chemical variability is small and that it likely involves the boron, which is much smaller than the metallic constituents Mg and Ir, and is expected to change the unit cell size only slightly if variable.
CONCLUSION
By exploring the Mg-Ir-B phase diagram in a search for light-element based intermetallic superconductors, a new ternary superconducting compound was discovered. The new intermetallic compound, Mg 10 Ir 19 B 16 , has a noncentrosymmetric crystal structure with a large, body centered unit cell of a = 10.568 Å. The synthesis of this compound is similar to that used in the case of MgCNi 3 and requires an excess of both Mg and B in the starting material. The critical temperature, T C about 5 K, was determined by both electrical resistivity and magnetization measurements. Mg 10 Ir 19 B 16 is a rare example of noncentrosymmetric superconducting material, and has a new intermetallic structure type. The characterization of related materials with the same structure type would be of significant interest, as would more detailed measurements of the superconducting properties to determine whether any manifestation of the noncentrosymmetric crystal structure can be observed.
